Introduction
Studies of obesity have shown that b-adrenergic receptor (bAR) stimulation of cyclic AMP (cAMP) production and lipolysis are impaired in rodent models of obesity. 1 ± 4 We have previously reported that the expression and functional activity of the b 3 AR and b 1 AR subtypes are dramatically reduced in epididymal white adipose tissue (WAT) of the`obese' C57BLa6J Lep ob a Lep ob mouse and that similar, but less severe, decreases are observed in interscapular brown adipose tissue (IBAT). 5 To determine whether these changes in expression of adipocyte bARs are general features of obesity, and whether regional differences in bAR subtype expression exist between adipose depots, we have examined the expression of the bAR subtypes in several adipose depots from four different models of congenital obesity. These include the`obese' Lep ob a Lep ob mouse, the`diabetic' mouse (C57BLaKsJ LepR db aLepR db ), the`tubby' mouse (C57BLa6J tubatub) and the`fat' mouse (C57BLaKsJ Cpe fat aCpe fat ). The obesity observed in each of these animals results from autosomal-recessive, single gene mutations, 6, 7 all of which have now been cloned and characterized. 8 ± 13 In an earlier report on the expression of bAR subtypes in a model of diet-induced obesity, 14, 15 we also found impaired expression and functional activity of the b 3 AR and b 1 AR subtypes, and we noted distinct differences beween IBAT and WAT depots. 16 The results that we present in this report indicate that impaired expression of adipocyte bAR subtypes is a general feature of both genetic and dietary obesity in mice.
Experimental Procedures

Animals
All mice were obtained from The Jackson Laboratory (Bar Harbor, ME).`Obese' (obaob) and`tubby' (tubatub) mutant mice are on the C57BLa6J (B6) background, and`diabetic' (dbadb) and`fat' (fatafat) mutants are on the C57BLaKsJ background. These animals were obtained together with genetically lean ( a ) control animals at 10 weeks of age, and provided free access to Purina mouse chow and water. For dietary obesity studies, the standard protocol of Surwit et al 15 was followed. B6 male mice (8 ± 10 per group) were obtained at four weeks of age and were housed ®ve per cage in a temperaturecontrolled room with 12 h lighta12 h dark cycle (lights off at 17.00 h). Water was available ad libitum. The animals were fed either a low-fat diet (10.5% calories from fat) or a high fat diet (58% calories from fat). The exact composition and caloric content of these diets has been described previously. 15 All procedures were approved by the Duke University Institutional Animal Care and Use Committee, and conducted in accordance with principles and guidelines established by the National Institutes of Health for the care and use of laboratory animals.
RNA Preparation and Analysis
Adipose tissue was collected from the epididymal, subcutaneous, perirenal, pericardial, retroperitoneal and interscapular regions. Total cellular RNA was prepared from freshly isolated adipose tissue by the cesium chloride gradient method. 17 For Northern blot hybridization, RNA was denatured by the glyoxal procedure, fractionated through 1.2% agarose gels, and blotted onto Biotrans nylon membranes (ICN, Irvine, CA) as previously described. 18 The following DNA fragments were used as hybridization probes. Subtype-speci®c probes for the three bARs were prepared by polymerase chain reaction (PCR) as previously described. 5, 18 Probes for mouse glycerol 3-phosphate dehydrogenase and for the brown fat Uncoupling protein 1 were gifts from L. P. Kozak. A rat cDNA probe for cyclophilin was obtained from J. Douglas. Radiolabeled probes for hybridization were prepared by nick translation or random primer synthesis in the presence of [32P] dCTP (NEN Dupont, Boston, MA) to a speci®c activity of at least 6Â10 8 dpmamg DNA. Blots were hybridized and washed as previously described. 5 All quantitation of hybridizing species was by exposure to Molecular Dynamics Phosphorimager screens. Permanent data records were generated by exposing the blots to Kodak X-AR ®lm (Eastman Kodak Co. Rochester, NY) at 7 80 C.
Results
In the ®rst series of experiments, we examined the expression of the bAR subtypes in ®ve different adipose depots of the leptin-de®cient obaob mouse. The data presented in Figure 1 were obtained by pooling samples from 3 ± 5 mice, depending upon the particular fat depot. Compared to lean littermate controls, in obaob mice we found dramatically depressed levels of expression of the b 3 AR (0.2 ± 0.5% of the level in lean littermates) and the b 1 AR (6 ± 10% of lean littermates) in gonadal WAT, while expression of the b 2 AR in this depot was unchanged after correction for cyclophilin. These results are similar to our previous ®nding. 5 However, when we compared bAR expression among adipose depots from obaob mice, some signi®cant regional differences were detected. For example, while b 3 AR mRNA concentrations were signi®cantly reduced in all WAT depots of the obaob mouse, the extent of loss in absolute terms was less severe in the peri-renal depot, where b 3 AR mRNA concentrations were approximately 3 ± 5% of that found in lean littermates. This is an order of magnitude higher than in the gonadal and subcutaneous depots. We also observed a paradoxical increase in b 3 AR expression in the pericardial depot, but the limited amounts of this tissue prevented a more thorough analysis of this observation. Moreover, we observed only a 20% decrease in b 3 AR mRNA concentrations in IBAT from obaob mice. The peri-renal and peri-cardial depots contain a mixture of white and brown adipocytes, suggesting that perhaps the control of b 3 AR expression may not be identical in WAT and BAT. For the b 2 AR, expression of this receptor was essentially unchanged in the gonadal depot, very slightly elevated (`20% after correction for cyclophilin) in peri-renal fat, but was decreased by approximately 50% in subcutaneous fat. In IBAT, levels of b 2 AR Adipocyte b bARs and obesity S Collins et al mRNA were increased 3-fold, similar to our previous ®nding. 5 For the b 1 AR, complex changes in the pattern of expression were observed. While we detected a 90 ± 95% decrease in gonadal WAT, concentrations of b 1 AR in the subcutaneous depot were not different from lean littermate controls. Again, effects in IBAT and mixed brownawhite adipocyte depots like peri-cardial and peri-renal were distinct from the WAT depots, in which b 1 AR transcripts were increased 2 ± 4-fold. We also noted that the level of Uncoupling protein 1 mRNA was modestly decreased in IBAT of obaob mice.
The next experiments, shown in Figure 2 , compared the expression of the bAR subtypes in various adipose Forty micrograms of total cellular RNA from interscapular brown adipose tissue (IBAT), gonadal white adipose tissue (GWAT), subcutaneous (SQ), pericardial (PC) and peri-renal (PR) fat were fractionated through 1.2% agarose gels and blotted as described under`Experimental Procedures'. Two blots were prepared from 3 ± 5 animals each, and both were hybridized with radiolabeled DNA probes for bAR subtypes, glycerol-3-phosphate dehydrogenase (GPDH), uncoupling protein-1 (UCP) and cyclophilin (cyclo). (A) Representative Northern blot. (B) Graphical presentation of the data from the two blots. *P`0.05
Adipocyte b bARs and obesity S Collins et al depots from the dbadb mouse. 19 These animals possess a splice-site mutation in the leptin receptor that prevents the synthesis of an important intracellular signaling domain of the receptor. 911 Due to the lack of leptin signaling, obaob and dbadb mice exhibit a massive accumulation of WAT, and non-shivering thermogenesis in IBAT is essentially absent. 20, 21 Consistent with these molecular and physiological similarities, the defects in expression of the bARs and Uncoupling protein 1 in the dbadb mouse were quite similar to that observed in the obaob mouse: there was a severe decrease in the expression of the b 3 AR in both WAT and IBAT, although the reduction in IBAT was more modest. Also similar to obaob, the expression of the b 2 AR was increased b 5-fold in IBAT, but the expression of the b 1 AR was basically unchanged. The data presented in Figure 2 are con®ned to gonadal WAT and IBAT. Figure 2A also includes lean littermates from both the B6 mouse and the Black Kalis (C57BLaKs) strain, since the db mutation is most frequently placed on this latter strain background. 19, 22 As shown, there are no differences in the expression of the bARs between the B6 and Black Kalis strains. This is not surprising since these two strains are very closely related genetically. 23 The third series of experiments examined the genetically obese mutants`tubby' (tub) and`fat'. These two obesity mutants are characterized by a slower onset of adipose tissue accretion than occurs in obaob or dbadb mice, 7 and the leptin signaling system is intact. However, like obaob and dbadb mice, they also develop defects in insulin sensitivity associated with the progression of obesity. As shown in Figure 3 , b 3 AR mRNA concentrations were signi®-cantly decreased in all fat depots of tub mice compared with lean littermates: a b 80% loss in WAT depots and a 50% depression in IBAT. b 1 AR expression was blunted in all depots as well, while levels of b 2 AR mRNA were unchanged, except in the subcutaneous depot, where there was a 60% decrease. In the Finally, as we reported in an earlier study, 16 dietinduced obesity in non-mutant mice is also associated with defects in bAR expression and function in adipocytes. Figure 5 illustrates this point, presenting only the data for the b 3 AR, since we have described depot-speci®c differences in bAR expression and function in diet-induced obese mice in this earlier report. The levels of b 3 AR mRNA were decreased in high-fat (H) fed obese mice by more than 50% in WAT depots, but in IBAT there was an increase of approximately 30 ± 40% relative to lean, low-fat (L) fed animals. This appears to be a one of the major differences between the congenital and diet-induced models of obesity, as previously discussed. 16 
Discussion
With the discovery of the b 3 AR 24 as an adiposespeci®c bAR subtype, we and others reported that this receptor is dramatically down-regulated in adipose tissue of the obaob mouse 5 and the Zucker fatty rat. 25 These ®ndings provided a molecular explanation for early studies demonstrating poor adrenergic stimulation of triglyceride mobilization in adipose tissue of the obaob mouse. 1 ± 4 To begin to understand how changes in bAR subtypes manifest themselves in obesity, we studied the expression of the bAR subtypes in the four models of congenital obesity in mice that arise from recessive single-gene mutations. The changes in expression of the bARs in WAT from these congenital obesity models are generally similar, in that there are substantial reductions generally in the expression of the b 3 AR in WAT and IBAT. Changes in the b 1 AR and b 2 AR were more variable. Nevertheless, it appears that the degree of obesity is correlated with the extent of loss of adipocyte bAR expression, particularly b 3 AR. The data we present here is limited to mRNA measurements, but we previously reported that changes in the expression of adipocyte bAR subtypes are largely responsible for the depressed ability of catecholaminergic drugs to stimulation cAMP accumulation and lipolysis in the obaob mouse 5 and in diet-induced obesity. 16 A major difference between the congenital obesities and diet-induced obesity is that b 3 AR mRNA concentrations in IBAT of diet-induced obese mice are actually increased relative to low-fat-fed lean controls. Despite this apparent up-regulation, b 3 AR signal transduction in IBAT was reduced by almost 90%. 16 As previously discussed, there are several possible explanations for this ®nding, 16 but this issue was not the focus of the studies we describe here, and this contradiction remains to be resolved biochemically. We also found modest decreases in the expression of the Uncoupling protein 1 mRNA in IBAT of obaob and dbadb mice. Since transcription of the Uncoupling protein 1 gene and activity of the Uncoupling protein 1 protein are dependent on bAR stimulation, 26, 27 and the loss of bAR-mediated signaling together with the absence of leptin-dependent sympathetic stimulation of IBAT in these animals probably accounts for their inability to promote thermogenesis. In fact, decreased SNS out¯ow to IBAT has been reported in both genetic and dietary models of obesity including obaob, dbadb, and diet-induced B6 mice. 28 ± 33 However, no information is available on the SNS status of tubby and Cpe fat mice. In the obaob mouse and diet-induced obese B6 mouse, reduced SNS outow to IBAT could be responsible for the paradoxical increase in the b 1 AR or b 3 AR mRNA. For example, it is well known that chronic blockade of bARs leads to increased expression and hypersensitivity to subsequent stimulation. 34 In IBAT in particular, Granneman and Lahner 35 showed that surgical sympathectomy increases b 3 AR mRNA in IBAT, while preventing IBAT thermogenesis. Conversely, these investigators reported that cold exposure, a manoeuver that rapidly increases SNS activity to IBAT, decreased b 3 AR mRNA concentrations. More recent studies indicate that chronic stimulation of the b 3 AR in white and brown adipocytes leads to a transient reduction in b 3 AR mRNA, followed by a gradual restoration of expression, even in the continuous presence of agonist 36 (our unpublished data). At this point only further detailed studies into the molecular regulation of the adipocyte bARs will allow a full interpretation of these data in vivo and in vitro.
The molecular basis for these changes in bAR subtype expression in obesity may be related to endocrine abnormalities that develop in essentially all forms of obesity. In the obaob and dbadb mice, the role of the deranged HPA axis in driving the progression and the severity of obesity is well known. 5, 37 (See also references in Ref. 37 .) Particular attention should be paid to the exaggerated corticosteroid concentrations in these two animal models. Glucocorticoids have been shown to repress the transcription of the b 1 AR and b 3 AR genes in adipocyte cell lines 38 (and our unpublished observations) and increase transcription of the b 2 AR gene. 39 Because adrenalectomy or treatment with RU-486 ameliorates the obesity in obaob mice and Zucker fatty rat, 40 ± 42 and more recently has been shown to substantially restore expression of b 3 AR, 43, 44 it suggests that this endocrine feature contributes signi®cantly to the overall severity of the defects in adipocyte bAR expression in these animals. However, hypercorticism clearly does not account for the impaired bAR expression in the other mice we have studied, since their glucocorticoid concentrations are normal. 12 ± 14 Instead, the obesity in virtually all of these genetic and dietary models is associated with hyperinsulinaemia and hyperglycaemia.
Conclusions
Thus, although the molecular basis of these obesity mutations are not identical, and the progression of the disease varies among these models, we ®nd signi®cant defects in both b-adrenergic signaling in adipose tissue and in the expression of the b 3 AR and the b 1 AR subtypes. The severity of these changes in adipocyte bAR expression is correlated with the extent of obesity and accompanying endocrine abnormalities. Further work to understand the molecular basis for the changes in bAR expression in these models of obesity, as well as observed differences in expression between adipose depots, may lend insight into the control of these receptors under normal physiological conditions and strategies to treat the disorder. grant DK46793 (SC) and a grant from the March of Dimes Birth Defects Foundation (FY95-0563).
